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THE AUTOMOTIVE IGNITION COIL 1

By T. H. D~LL

SUMMARY

Thi8 paper which WU8 submitted by the Bureau of

Standards for publication gice8 the reeds oj an extensire

8eriea of measurements on the 8emw?izry tdtage induced

in an ignition ail of typical constru.dim under a kum”ety

of q3erati~ conditions. The8e results show thut the

theoretical predictions hitherto made aa to the behavior of

this type of apparatus are in satisfactory agreement with

the obsmed facts. 77M large trims of okta obtained is

here published both for the uxe of other ince8tigator8 who

may m“8h to compare them with other theoretical predic-

tions andfor the u8e of automotizx e@neer8 who will here

jind de$mite experimental resulte dewing the effect c-J

~econdmy capacity and resistance in the cre8t roltage

produced by ignition apparatu8,

INTRODUCTION

The induction ccd is in wide me throughout the
world as the source of high potential neoeasary for the
ignition of explosive charg- in gas engines. When
used for this purpose it is called an ignition cd, and in
one form or another is to be found as an integral part of
all internal combustion engines other than those of the
Diesel type. Its importimce as commeroiaI apparatus
is thus olearly manifest.

Although simple in appearance and construction, the
induction coil operates in a complicated manner.
The theory of its operation has been extensively treated
mathematically by many investigators, but untd the
present work only meager experkmmtal checks on tie
theory were available. This because of the non-
tistence of suitable apparatus.

The induction coil consists of two coils, one usually
surrounding the other, wound upon an iron core.
One winding, cslkd the primary, is composed of a few
turns of coarse wire. The other winding, the seoond-
ary, is made up of a htrge number of turns of fine
wire. The two windings may or may not be connected.
When an ekhric current through the primary is
suddenly interrupted, a Mgh potential is induced
between the terminaLa of the secondary. The main
probkm is the nature of this potentiaI.

bfathematical theory (Reference 1) shows that the
second~ potential is oaciUatory, and moreover that
the wave is composed of two superimposed frequencies,
the higher of whioh generally is not a harmonic of the

lower, nor do their cr&s occur simultaneously. The
maximum voltage attained by the wave is easfly
measured by mew of a calibrated sphere gap, but the
frequencim and potentials involved are. of too high
an order to be satisfaotoriIy hamled by the ordinary
oacdlograph. The problem of obtaining the actual
wave shape is thus seen to be rather diflicult, neverthe-
Ie= two independent invwtigatora have attacked it
with some succew.

E. Taylor-Jones (Reference 2) devised a speciaI
electrostatic oadograph with which he successfully
photographed the wave. The presence of the two
frequencies was clearly shown as predicted, but the
osdlograma failed h record the true wave shape in
that the deflection of the osoillograph was proportional
to the square of the voltage. h’. R. Campbell (Ref-
erence 3), by using an &borate point-by-point method,
obtained a suf6cient number of values to plot the
wave. Remarkable as w= this achievement, its resdta
applied only to a epeoial case.

The cathode ray osdograph is an instrument capa-
ble of handing frequenciw of the order of 106 at high
potentials. The recent development of auxiliary
switohing apparatus further extends its usefulness
into the field of nonrecurrent phenomena. With this
apparatus it is thus an easy matter to photograph in
its naturrd form and with a high degree of accuracy
the secondary voltage wave of an induction coil.
Through fortunate circumstances equipment of the
necessary nature was for a period available to the
author. The results are shown below.

OUTLINE OF INVESTIGATION

h order to, enhanoe the practical value of the work
it was decided to use standard automobile ignition COHS,
as it seemed better to study two coils intensively,
rather than to obtain a few data about several. Ac-
cordingly a coil and a distributor were borrowed from
each of two representative manufacturers.

In the exkmd oircuits of the ignition coil three are
four constants whioh are easily variable and which are
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of paramount importance. These are the voltage
applied to_the primary winding, the capacity shunted
across the breaker which intemupts the primary cm=
rent, the capacity shunted across the secondary, and
the resistance shunted across the secondary. The
main plan of the investigation was to take series of
osc.illogrruns during which one of these factors waa
vmied through as wide a range as feasible while the
others were held constant. To interconnect the series
a standard value waE set for each circuit quantity
which was always held at the standard value unIess it
itself was being varied, These standards were as fol-
lows: For the primary voltage, a 6-volt storage bat-
tery; for the breaker capacity, the condenser (0,z4)
furnished by the manufacturer with the breaker; for
the shunted secondmy capacity, only that of the oscil-
lograph (23AwJand lead wires); and for the secondary
shunted resistance, likewise only that of the oscillo-
graph, 11 megohms.

In addition to the series mentioned above, a series
of oscillograms was taken with varying primary volt-
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age, during which an external inductance was included
in the primary circuit, concerning which more is said
later. Additional records of various sorts such as those
of the current in the primary circuit, the voltage across
the primary, etc., were also taken.

SET-UP AND APPARATUS

A modified Dufour cathode ray osciJlograph was used
to take the oscillograms. Since it has been completely
treated elsewhere (Reference 4) only a brief descrip-
tion of its operation is given here. In tl@ oscil.lograph
the film is mounted in the vacuum chamber, aIlowing
high speed recording by a &@e exposure. A cold
cathode tube is used~ the cathode voltage being applied
for an interval of time only slightly longer than that
necessary for recording. The cathode beam passes
down between a pair of deflecting plates, between two
sets of deflecting coils, and then directly on to the film.
The two sets of deflecting coils are mounted in the
same plane with their axes at right angles to each
other and to the path of the beam. A suitable tran-
sient current, called the sweeping current, applied to
one set of deflecting coils moves the cathode beam

acro~”-the &, producing the time axis. The other
set of deflecting coils b used either for recording tran-
sient currents or the undamped high frequency current
from an exterrd oscillator, which serves as a conven-
ient calibration of the time axis. The transient
voltage to be photographed is appIied LOthe deflecting
plates, either directly or through a resistance volttigo
divider. The resistance of the divider is so large and
the capacity of the deflecting plates so small that uu
appreciable energy is drawn from the transient circuit.
Within the h-nits of the film dimensions, the ~oltagc
deflection is practically linear.

The timing of-the cathode voltage and the sweeping
current so that they are applied to the oscillograph
during the same interval of time is automatically done
by a synchronous switch. The switch can be made to
perform an additional service by connecting an auxili-
ary circuit to it before the taking of an oscillogram.
When this is done the switch applies the cathode
voltage and the sweeping current to the oscillograph as
usual for the taking of the picture, but immediately
after the recording disconnects the deflecting plates
from -the transient circuit and connects thorn h a
sourcf;6f constant, known voltage, and further applies
the cathode voltage and the sweeping current to the
oscilbgraph, thus causing a second exposure to be
made, but this time with a constant voltage on tho
deflecting plates. Thi6 second exposure producca a
straight line of uniform deflection, and since the voltage
causing the deflection is known, serves as a calibration
of the film,

The general connections of the set-up are shown in
Figure 1. The curren~eflecting coils of the oscillo-
graph were included in the primary circuit only when
it was desired to record the primary current.. The
breaker B was the breaker mechanism of a standard
Delco automobile distributor less its condenser. Tl~o
condensem used acroes the breaker at (71were paraffin
paper condensers, those across the secondary at C, mica
or air condensers. The resistors used across the
secondary at Rs were watb tubes. The ignition coils
tested were a standard Delco and a standard North-
east, such as are ordinarily used with au hmlobile
engines.

Thg breaker was rigidly connected to and driven by
the rotor of a 1,200-revolution per minute synchronous
motor. The statir of this motor was not fixed in posi-
tion, but could be rotated several degrees in either
direction around its axis by means of a screw adjust=
ment. Once properly adjusted, the stator could be
clamp~ in position. The object of this stator adjust-
ment was to provide a means of shifting the times at
which the breaker interrupted the primary current
until the formation of the secondary voltage wave coin-
cided with the application of cathode voltage and
sweeping current to the oscillograph. Such is the only
condition under which the desired oscillogram will be
obtained.
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Connections in the primary circuit were made with
twisted pair lamp cord. The ignition coil under obser-
vation was placed as close as possible to the oscillo-
graph, so that the high potential secondary connection
was straight and ne-ier more than 8 inches in length.

EXPERIMENTAL PROCEDURE

operation of the apparatus whs comparativdy
simple. Adjustments were greatly facilitated through
the use of an observation window in the side of the
oscillograph and a fluorescent screen which couId be
moved up to cover the films and protect them from ~-
posure during adjustments. Being subject to direct
impact of the cathode beam, the screen would fluoresce
briJliantly enough and for a sufficient length of time to
give an observer looking through the window a clear
impression of the transient occurring wide the beam
was moving across the screen.

Thus by adjusting the position of the stator of the
breaker-driving motor and observing the resultant

produce automatic voltage calibration. A single push
on the operating button then caused two exposures,
the desired -rohge wave, and a voltage calibration
line. & soon as these exposures had been made,
as shown by successive flashes of the cathode tube,
the voltage was removed fiwm the primary circuit
and power applied to the &ah-frequency osdator
which was already connected to the second set of
deflecting coik. The operating button was pushed
for the second time, causing the third exposure,
that of the high-frequency current used for time
caI.ibration. The third exposure made, power was
remowd from the oscillator and the fourth expo- --—
sure taken without voltage on the deflecting plates
or current in the deflecting coiLs. The rwdtant
straight Iine, having neither voltage nor current
deflection, is a zero reference axis. After the fourth -. -.
exposure, the screen was again raised to cover the
films, the observation window recovered, and the
-whole process repeated for the folIowing oscillogram.

FIGuruZ.-Semndary voltiw waw# Tmue the undfr normalrenditions,northeasi(PLX97M) and Delco (PLX9i31)

change in
the screen,-that portion of the vra~e which it was de- I

position of the secondary -ioltage wave on [

sired to photogr~ph was easiIy brought into tbe field
of action. The portion of the wave appearing on the
oscillogram was changed by adjusting the sweeping
current, which controlled the speed of the beam in
moving across the plate and thus determined the time
scale of the ti.

In taking a picture the procedure was as follows:
The external circuits of the ignition coiI were adjusted
to the values for which u oscillogram vias desired.
The breaker-driving motor was started, voltage was
applied to the primary circuit, and any adjustments
necessary to bring the desired portion and amount of
the wave onto the & were made. When everything
appeared satisfactory, the observation window was

covered, the fluorescent screen lowered so as to uncover
the b, and the synchronous switch connected to

GENERAL DISCUSSION OF RESULTS

Some 450 oscillograms were taken, of which more than
35o were directiy measured and used in determining the
results given below. A typical oscillogram of the sec-
ondary voltage viave of each coil is shown in Figure 2.
These prints were made from films taken under what
is referred to as the “normal” condition; i. e., the con-
dition where all circuit quantities were adjusted to their
standard values. FiImPLX9731 contains foyrseparate
exposures, viz., the straight horizontal line across the
center of the fi.bn, which is the zero reference axis; the
regular undamped oscillation acroes the center of the
Hm, which is a 15-kilocycle timing wave; the str&ght
horizontal line across the bottom of the h, which is
the vohge crdibration Iine; and, the irregular damped
oscillation, which is the desired secondary voltage wave.
Film PL X 9718 lacks the timing wave but contains the
other three exposures of PL x 9731.
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An inspection of the secondary voltage wave indi-
cates that in general it is composed of two oscillating
components; one of relatively small amplitude and
high frequency, the other of relatively large amplitude
and low ikequency. Having obtained the wave, there
thus remains the problem of analyzing it; i. e., separa-
ting the components and finding the amplitudes and
frequencies of each. Throughout the remainder of this
report the component of large amplitude is referred to
as-the “priucip-d” compone~t; th~ - ‘- ‘“
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one of smatl ampli-
tude, as the “sec-
ondary” compon-
ent. The actual
secondary vohge
wave is spoken of
as the ‘~main”
wave.

The instant at
which the breaker
interrupts the cur-
rent in the primary
circuit is always
represented on the
main wave osoillo-
gram by the point
at which the vol-
tage of the main
wave begins to rise.

Methods of de-
termhing Vohgea
and frequencies are

dacribed in the appendix. The methods e-mployed to
determine the frequencies of the components, while only
approximate, gave very satisfactory results. A fre-
quency analysis was made of practically every film, the
results of which probably constitute the major quanti-
tative part of the investigation.

The oomponent voltages, however, proved to be
more diflicult. Various methods of analysis, s.11in-
volving considerable approximations, were suggested,
but none gave any particuh degree of success.

Another quantity, the maximum voltage attained
by any haIf cycle of the main wave, is of im-
porixmce, and fortunately was easily obtainable.
Although open to question as used, this maximum
was evaluated in practically all cases for every half
cycle, up to and including the fourth, appearing on
the flm.

Both good and bad oscillograms were obtained.
Considerable trouble was encountied from intermit-
tent electron emimion of the cathode tube, which
remdted in breaka or gaps in the recording. Such
breaks are particularly evident in the voltage calibra-
tion lines. Some trouble was also had with faulty
operation of the synchronous switch, which might
give spurious results. In all cases, however, the poor
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quality of any 5hn must be charged b the operator,
rather than to the apparatus.

SERIES WITH VARYING PRIMARY VOLTAGE

As mentioned in the introduction, these series of
oscillograms were obtained with all of the circuit
constants except the primary voltage maintained at
their standard values. A the primary voltage is of
no importance except as it affects the current existing
in the primary at the instant the breaker opens the
primary circuit, no attempt was made to record with
any accuracy the varying primary ~oltages used.
htead, separate osoiIIograms of the primary current
were taken by means of a regular Duddell osciUograph.
This oscillograph, while not fast enough to record the
oscillations of the current after the break with any
accuracy, was capable of accurately measuring the
current at the instant of the break, which is the de-
sired quantity. Energy to operate this osoillograph
was furnished by a 0.1 ohm shunt inserted into t.ho
primary cirouit. The timing of tbe Duddell osciUo-
graph, so that it photographed the current at the par-
ticular interruption for which tbe seocmdary voltage
wave was photographed on the Dufour oscillograph,
was controlled by the synchronous switch.

No appreciable change in wave shape .tith varying
currents in the primary at break was observed for
either coil, all osdlograms having the same appear-
ance as those shown in Figure 2. This indicates that
both coils were oper-
ated well below the
saturation point.

Curves of the
measured f re quen-
ties of the two com-
ponents are shown in
Figure 3. In this
graph, as welI as sub-
sequent ones, j~is the
frequency of theprin-
cipal component, and
f, that of the second-
ary ecmponent. As
is to be expected, the
frequency of each
component is practi-
cally constant, The
slight rise in fre-
quency of tbe princi-
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FIGUEXL-Secondary crest voltaga venue pd.
mary cnrrentat breuk,for Northeast cofi

pal oomponente at the low end of the scale is probably
due to a nonlinear current-magnetization relationship.

Curvee of the observed maximum secondary voltage
plotted against primary current at break are shown in
Figure 4 for the Northeast coil, and in Figure 5 for the
Delco coil. The straight line through the open circlcs
conhns the familiar relationship predicted and
checked by previous investigators (Reference 5).
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The line through the solid circles represents an
additiomd series which is of interest. During this
series an extermd inductance was connected in series
in the primary circuit. This inductance was that of
the current deflecting coils of the Dufour oscillograph.
The oscilIograms taken in the series were not the usmd
secondary voltage-time pictures, but secondary volt-
age-primary current pictures. In taking such oscilb
grams no sweeping current was employed, the primary
current causing deflections of the beam in the dixection
at right angles to the seoondary voltage deflections.
Examples of such osoilIograms are shown in Figures
23 and 24, and are discussed in a later section. It is
sufficient here to &npIy say that such an oscillogram
gives both the value of the primary current at break
and the maximum secondary voltage with a single
recording.

It is interesting to not~ that the curve for operation
with an external induct ante is steeper than the one
for normal operation. This curious fact, that for a
given primary current at break a greater secondary
voltage is produced when there is an external inductance
in the primary circuit, was predicted and checked in a
few instances by E. Taylor-Jones @ference 6).

SERIES ~TH VARYING BREAKIXt CAPACITY

Northeast ooil.-Very great changw in the shape of
the secondary vohge wave were observed with varying
breaker capacities. OsciIlograms for some 40 diflerent
vahuw of this capacity vm.re taken. Twelve such,
selected so as to show the major changes in wave shape,
are shown in Figure 6. In each case the vaIue of the
breaker capacity used is marked at the bottom of the
osciUogram. The order of arrangement in the figure
in the direction of increasing capacity is from Ieft to
right in the top row, from right to left in the middIe row,
and from left h right in the bottom row; or, roughly
the shape of a reversed letter S. The capacity used
for the first &, PL9745, was the minimum obtain-
able, namely that of the breaker mechanism itself and
the leads to it. Subsequent measurement indicates
that it is of the order of 500 micrcnnicrofarads.

In comparing the oscilIograms in any series it should
be borne in mind that the deflection for a given voltage
or a given interval of time varies from * to film
on account of the uncontrolled as weIl as controWd
factors. The principal source of uncontrolled variation
was the internal vacuum of the oscilIograph, which was
often appreciably ~erent for ~erent cs~ograros.
As the cathode beam was sensitive to changes in this
vacuum, the result was smaII, but appreciable varia-
tions in the standard deflections for d&rent films.
Thus the maximum voltage for the tit haIf cycle is
approximately the same in each of the fit three oscillo-
grams of Figure 6, aIt.bough the deflection for the

mrkmum voltage is noticeably greatest in the third,
I?L9755.

The standard deflections could be, and naturally
were, varied through a wide range by changing the
external adjustments of the oscillograph. Thus the
sweeping speed in the fimt oscilIogram of Figure 62
PL9745, is approximately twice M fast as in the other
&shown in the figure.

With these reservations in mind severaI interesting
facts are apparent from an observation of F~ure 6.
The amplitude of the secondary component is -rery
small for low values of the breaker capacity, but up
to a certain point increases as this capacity increases.
Beyond this point the amplitude decreases, until,
when very huge values of breaker capacity are used,

J
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it is again quite small. On the other band the ampli-
tude of the principal component steadiIy deorea..w with
an increase of breaker capaoity.

The frequency of the principal component decreases
continuously with an increase of capacity. Likewise
that of the secondary component, which up to a certain
point decreases faster than does that of the principal
component, as is shovm by the fact that up to this
point the secondary component humps on the main
wave move cloclmise around it. Beyond this point,
which occurs approximately at flhn PL9777, the
secondary component humps move countercIo&wise
around the main wave, indicating that the frequency
of the secondary component is changing at a rate
slower than that of the principaI component.

These Iast conchsions are also evident from F~e 7,
which contains curves of the component frequencies.
The continuous cm-ma am drawn as nearly as possible
through those reprwnted by the observed values.
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The dotted curves are those for the frequencies of ~
the two components given by the theoretical e~ua- ;
tion (7): s

A.lJ four curves are of maximum Yoltage, i. e., V,+
is the ma.xinymn -rohge attained by the first positive
h&cycfe of ~e main wa-re; l?~-, the mminmm of the
first negative half cycle; VZ++, the maximum of the
second positive half cycle; and T;--, the ma.ximurn of

.-

the second negative haIf cycle.
The dithrent sections of the curves for the&t two

half cycles indicate the effect of the movement of the
inwhich jl is gi-ren by using the positive sign in the i
right-hand member~a, the negati~e sign. The deriva- [
t.ion of the values used for the constants in the equation
is given in the appendix.

In the case of the principal component there is a
remarkable sirnihmity between the observed and
theoretical values of frequency, the two curres coin-
ciding except. through the middle portion of the range.
A1though the discrepancy here is no greater than the
experimental error, it is thought to be real.

The observed curve of secondary component fre-
quencies differs considerably from the theoretical,
especially for low -dues of capacity. The bending
over and apparent flattening out of the obserred

z

_ .—
secondary component humps around the main wa-ie,
whereby first on-e and then another occuBies the maxi- ..—
mum p&ition. This shift of maximum” ~oltage from
hump to hump is clearly shown in Figure 6 by com-
par@ films PL9756 and PL9758. Counting the
humm in the order of their occurrence from left to

—

--
-—righ~, the maximum voltage occurs on the third hump

in the former oscillo=qam, but on the second in the
latter. ‘17his particular shift is indicated on tbe T“,
curve by the &ossing of the first two sections of the
curve at a breaker capacity of 0.062 microf mad.
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i! h tiuemY Orminc@Q mmponent, 1. e.. that havfnc largeramplftnde.
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curve at this end of the scale is open to some question,
since for small capacities the amplitude of the seccnd-
m-y component is so small that no accurate measure-
ments of it were possible.

With the experiment al methods employed, the ac-
curacy of any curve of secondary voltage against
breaker capacity is somewhat limited. k previously
men tioned, the secondary \-oltage is diredy propor-
tional to the current in the primary at the instant the
breaker opens the primary circuit. Although a con-
stant voltage vm.s employed as the source of primary
current, the value of the current at break varied some-
what on account of the variable contact resistance of
the breaker. Thus for a given breaker capacity the
secondary voltage might well vary within a range of
10 or 12 per cent. ATOparticular accuracy is therefore
claimed for the curves of Figure “8, which are pre-
sent ed mainly for qualitative purposes.

s9$oo-32-15

It is interesting to note that the maximum potentials
of the dii7erent half cycles do not decrease at tie same
rate. The alight rise in the curve for the second
negative half cycle is kss than the probable accuracy
of the graph, but in tiew of the same condition beirqg
found ekewhere, is considered actuaI. .—

__.-—-Delco coiL—As in the previous case, great cha~~es in
the shape of the main wave were found with chanzes
in the ~reaker capacity. OsciUograms were taken lor
some 40 ditleren t vahs of this capacity. Twelve of
these, selected so as to best show the major changes in
ware shape, are given in Figure 9. AU of these cscillo-
grsme.were taken with the same external adjustments

..—
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of the osci.1.lograph, so, excep~ for slight wriations due .—
to vacuum d.if7erencee, are directly comparable.
There are two main wave exposures on film PL9822,
the second being for the normal condition. The faint-
ness of PL9sI0 is due to the under de-relopment of the
original film.
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The same qualit ati-re changes in wave shape are
found here as with the Northeast coiI. The amphtude
of the principal component steadily decreases with
increase of capacity. The amplitude of the secondary
component is practically zero at very large and very
small values of capacity, reaching a maximum at some
intermediate value mound 0.122 microf mad.

The frequency of the principal component drops
continuous@-, as does that of the second~ component.
With increasing -dues of capacity up to about 0.97
microfarad the frequency of the secondary component
decreases more rapidIy, beyond this value more alovdy,
than does that of the principal component.

Curves of observed and theoretical frequencies as
giren by the equation of the previous section) are
shown in Figure 10. As previously, the continuous
curves are approximations of the measured -dues
shown by the smalI circles; the dotted curves, the
theoretical values. With both components there is

(&@

FIGtW 10.—Frequencyfn MIocycIeeB swond ~ersaeprfmerycepacityfn mfcro-
femde,DeloowII
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good agreement between theory and observation.
The discrepancy at small values of breaker capacity
in the case of the principal component may weII be
due to the fact that the main wave really oscillates not
about the true zero line, but about a downward
sloping exponential which is slightIy above, and ultim-
ately joins with, the zero axis. According to SiIsbee
[Reference 8), who predicted this fact, it is due to
the presence of eddy currents in the iron core. The
effect of such action is to cause tb e apparent frequency
of the first half cycle (computed from measurements
along the zero FIx.is)to be less than that of the second,
which in turn is greater than that of the third, and
so on. Measurements were made in dl cases of the
apparent frequencies of each of the fit four hdf cycles,
although only that of the tit is pIotted. For small
values of capacity the difference between the measured
frequencies of the first and second half cycles was

I

I
I

1

(

about 10 per cent, that of the second half cycle being
aIw~ the mater.

Curves of maximum _roItage attained b~ each of the
first four hdf cycIes are shown in Figure 11. The nota-
tion k the same as preciously employed. With the iirst
negative half cycle, the shifts of maximum -ioltage from
bump to hump were too indistinct to follow. Two such
shifts occurred in the fit positive half cycle, aIthough
the second, which occurred at the end of the range, is
not indicated. The shift shown by the intersection of
the two sections of the curve at 0.043 microfarad can
be seen by comparing fdms PL9822 and PL9W6 of
Figure 9. In film PL9822 the ma.xinmm ~oltage OCCUKS
on the third hump, in ti PL9826 on the second.
In this case the rise in maximum voltage of the third
and fourth haIf cycks is ~ery apparent.

.
cd

FmuB~ IL-Secmdnry crestvohge fn HIovoltsvemue~ w.pncfty[n
mlerom.. Defm MU

tl+ fecrestof tit ~ftfve helfqcfe.
Vs- fecrestofErstnegetivehalf@e.
Vsf+Iscrestof sa?ondpxitfm haffCycle.
I“r-fe amt ofweondnegatfrehedfcycfe.

SERIES WITH VARYING SHUNTED SECONDARY
CAPACITY

Northeast coiL—OscilIograms were taken for 17 dif-
ferent values of shunted second~ capacity. As to
be expected, considerable resultant change in wave
shape was obser~ed. Oscillograms for 13 different
values of capacity are shown in F- 12. The value
of capacity marked at the bottom of each picture gives
the total effective capacity with which the film was
taken. This -mIue includes the distributed capacity
of the cd itself, 57 micromicrof arads, and the capacity
of the deflecting plates of the osciUograph, 23 micro-
tnicrofarads. The method employed to find the dis-
tributed capacity of the coil is given ig the appendix.

In & PL9901 the cornplete wave is photographed
in two sections. The first section, taken in the usual
mamner, begins as usual with the first positive half
cycle, which appears as the one of greatest magnitude,
and ends with the eIose of the second positive half
cycle, at which instant the cathode beam passed off
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after the stator of the breaker-driving motor had been
sufficiently advanced so that at the instant the cathbde

#
beam entered on the film the secondary voltage wa-re
had already gone through one positi~e and one negative
half cycle. The second section thus begins tith the
second positive half cycle, which can be seen below and
a little to the Ieft of the &t positive half cycle of the
other section.

J’arious sweeping speeds were used in taking the
fihns shown in Figure 12 as indicated by the crowded
or open appearance of the timing wa~e, which in enry
case had a frequency of 15 IciIocycles. Adjustment for
vok-tge deflection was the same in aLI tllms except the
last, which has a deflection for a gken ~oltage approsi-
rnately six times as great as the others.

An inspection of the series indicates that the fre-
quency of the principal corapone~t decreases steadily
with an increase of capacity. Since the humps of the
secondary component move counterclockwise it is
impossible to teII without measurement t whether the
frequency of the seconda~ component decreases or not.
It is certaiq, however, t.bat if it does decrease, it does
so at a rate less than that of the principal component.

The amplitude of both components clearly decreases
with an increase of capacity. It is interest~m to
speculate whether with -dues of capacity less than the
minimum here obtainable, the ampLitude of the sec.-
ortdary component would decrease.

/00 /000 10000
C;+qrf

Fmcmr 13.—FrequencyLnklloeycleaperwamd mraneaeeonderyeapac[tyfn mkw.
mkrofarods,h-ortheastcoil

Ji ~ ~ueJW Ofsecondary mmPonent,1.e., that havfngsmalk smplltnde.
(: is frquency of prtnci@ component,f. e., thatharlng IargwampIitude.
Dotted curwe show theorethalvahea.

Curves of the frequencies of the two components are
gi-ren in Figgre 13. The values of secondary capacity
for which observed frequencies are plotted include in
every case the distributed capacity of tb e ignition coil
and the capacity of the deflecting plates. The dues
on tbe graph thus represent the sum of these two and
tbe external capacities used.

Here also there is a ~er-y good agreement between
the obserred and t.heoreticaI dues of frequencies.

The theoretical frequencies were found by using the
sam$ eqlfatiof as vies employed in the previous sections
and are shown by the dotted curves.

The discrepancies at small dues of capacity may
possibly be due to error in the value found for the dis-
tributed capacity o! the ignition coil. Since this was
ad”ded to the value of extermd capacity to obtain the
value plot ted, a small error in its determination would
cause appreciable distortion of the curie at the bottom
of the range.

C,,ppf

FICmE 14-Semndary mast vohgn h kilmolk rersus seeondery
=@tY ~ tiO~=Ok@ Northeastooff
Ti+ 19crwt of fist poaltks half cycle.
1;- te CT@ of Erstnegatke Mf eyek.
VI* isCrw of second poaftke halfeyck.
VI --facrestof secondnegativehalfeyde.

Curves of the maximum \“olt~me at t.ained by each of
the first. four half cycles are shown in Figure 14. In
plotting these curves ody those films taken during the
same run were used, as the remaining few in the series,
taken at a Iater date, gave points considerably off the
cur-res shown. This is the natural result of the impos-
sibfity of maintaining constant current conditions in
the primary circuit. Incidentally it. is interesting to
notice tb at, as shown in I?@-e 3, these changes in
primm-y current have no effect upon the frequencies.

These voltage cumes for secondary capacity are in
the main similar to those of Figure S, which are for
primary or breaker capacity. They are, however,
much steeper, indicating that a proportionate incre~=e
of capacit~ in the secondary circuit causes a greater
drop in maximum -roItage than does the same propor-
tionate change in the primaq circuit. In the case of
secondary capacity the effect of the masimum -rolt age
of the first, half cycle shifting from hump to hump is
smaII, since by the time such a shift OCCUMthe ampli-
tude of the secondary component. is small. Such
shifts are accordingly not shown

Delco coiL-Uscillograms for 13 of the 17 -ialues of
seconda~ capacity used in the series are shown in
F~ure 15. The distinct breaks in se-ieral of the main
voItage waves, notably the left-hand ware of film
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PL9875, have nothing to do with the waves themselves,
but were caused by momentary interruptions in the
elect ron emission of the cathode. On the fist three
films in the bottom row the wave was photographed
in tKo sections.

The result of photographing two sections of the same
wave on the same film is brought out most clemly in
fdm PL9ss5. In this & the first section consists of
the first positi~e half cycle and a small portion of the
first negati~e haIf cycle. The second section begins at
approximately the point where the fir% section ended,
and included the first negative half cycIe. At the end
of the first negatire cycle the breaker in the prima~
circuit closed, causing the remaining energy available
for oscillations in the seconda~ to be rapidly dis-
sipated. This is shown by the fact that although the
amplitude of the tit negative haLf cycle is consider-
able, there is no appreciable subsequent oscillation.
The same effect occurs in film PL9s83, where the
breaker closed at the instant the main wave was
approximately at the peak of the second positive haIf
cycle. At this point the main via~e broke, and from
there on oscillated with a veqy difierent frequency.

The usual qualitative relationships are” apparent
from Figge 15. The frequency and amplitude of the
principal component. decrease continuously with an
increase of capacity. The amplitude of the secondary
component also decreases with an increase of capacity,

2–– ,7– –--! . ., ..1, , .. . . .,m We Dnma~ cwcuu ma no~ reacn 1[s sreaay state
-due, but was always increasing when interrupted by
the breaker. Thus previous to the opening of the
breaker there was a negati~e induced ~oltage in the ----...—-
secondary.

Curves of the observed and theoretical frequencies
are shown in Figure 16. The values of capacity for
which the observed frequencies are plotted are the

—

total effectke capacities, which in e-rery case include
the distributed capacity of the ignition coil, 38 micro-
microfarada; and the capacity of the deflecting plates,
23 micromicrofarads. The continuous curre is that .-

.J -

.—

of the observed frequencies; the dotted, of the theo-
retical. The theoretical curve was obtained by the
same equation preciously used.

A beautifti agreement is evident between the th~-
retical and observed frequencies of the principaI com-
ponent., the two curves coinciding exactIy over the
entire range.
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FIGCEEL7.-Secondery crestvoltage LnkLIomJltsrersns samnderycapacfty
fn mfcromlcrofsreds.Deko eofl

vi+ k crestofarstpmftivehalfcycf.e.
T“rf9mt of 13rstnegative w epje.

Iri+ fs crest of second~-tfre half cycIe,

VI-- fscrestof secondnegativeheJfCyCIO.

The familiar ~oltage curves for the series are shown
in Figure 17. As in the frequency curves, the values
of ca~acity for which obser~ed ~oltages ‘are plotted
are in e~ery case totaI effeeti~e -m.Iues.

10 too f000 tinxo
GJipf

FIGCFXtg.–Frequeneyfnkllecydes pers?cendversuswondery mpadty fnmkro- I
m[crofarods,DeIeomEl

f, ~ MUencr of e.stonderrcomponent,L e., that havingsmellerampllmde.
f, Isfrequencyef princlpelmmponent,L e., that Imvfnglargermnplltnde. IDOttdCUTeSShOWtheeretfcaltiUeS.

SERIES lVITH VARYING SHUNTED SECONDARY
RESISTANCE

Northeast coiI,-Twenty-three diflerent values of
shunted seconda~ resistance were used in taking the
osc~ograms of this series. C)acillograms for 13 such
are shown in Figure IS. The films in this series arewhile the frequency, if it does decrease, does so at. a

rate slower than that of the principal component.. ‘
An interesting point not mentioned hefore is shomm 1

by reference to tim PL9s87. On this fi, at the in- :
st ant the breaker opened the prima~ circuit. (indi- ~
cated by the arrow) the secondary ~oltage was clearly ~
opposite to that induced after the break. This con- ;
dition was true of all films, and is due to the fact I
that at the high breaker speeds employed the current 1

directly comparable except that the ~ohge scale of
the last two is one-sixth as great as the others.

The second main wave, on the tit ti, PL9700,
marked for a resistance of 1,100X104 ohms. is the.
wa-re for the normal condition, that value of resistance
be@g the standard. Incidentally the -dues marked
at the bottom of the osdkgrams are those of. the
external shunts with which the pictures were made,
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and do not include the internel resistance of the
secondary minding.

It is at once apparent from Figure 18 that the oscil-
latory nature of the principal component is soon lost,
the wave failing to pass below the zero line for wdues of
resistance 1sss than 64x 104 ohms. On the other
hand, the secondary component continues to osdate
to the end of the range, and even there gives no indica-
tion of increased damping.

The amplitude of both components decreases as the
resistance of the shunt decreases, but that of the prin-
cipal component seems to change more rapidly.
When the principaI component is damped out of oscil-
lation, the main wa~e becomes simply the secondary
component oscillating about an e.~onential impulse.

Curves of the observed frequencies of the two com-
ponents are given in F~re 19. The dues of resist-
ances used in plotting observed points are simply those
of the external shunts employed. The term “fre-
quency” has a questionable meaning when applied to
the principal component at -dues of resistance below
1.36 megohms, for which properly speaking, there is no
oscillation. The frequency of the main component
plotted for such values of resistance, is the frequency
of a wave, the time for one-haIf cycIe of which is the
same as the time taken by the main wa~e to pass from
zero back to zero.

For the purpose of comparison, the corresponding
frequency curves of the Delco coil are pIotted with

20 I

10
8

~6
*5
-4

3

2

I

I lo i 00
Rg:i04atzns

/000

FIGmX 19.—FreqnencYh MIoe@es per smnd wrms wmncfaryshuntingre9ist-
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AhhWenCX016econderYeompment,f. e., that ha~fngsrndfw amplitude.
his fWUeUCYof prtockmfmmponent,L e., thathadrrggreatersmpfftnde.

those of the Northeast coiI in Figure 19. It is appar-
ent that the frequencies of both coils rary according
to the same lam-. As a very large capacity Meets a
circuit in somewhat the same way as does a very low
resistance, it is logicaI t?. suppose that the frequency
of the secondary oscdlatlons of a coil shunted by a
large capacity wouId approach the value of those
existing in the coil when it was shunted by a low resist-
ance. A comparison of the secondary component

frequencies given in Figure 19 for low values of shunted
resisthncef with the secondarg component frequencies
given by Figures 13 and 16 for large values of shunted
capacity, shows that this rdationship holds for both
coiIs.

Figure 20 gives the curves of the maximum -ioltage
attained by each of the three fist half cycles. As the
main wa~e is damped out of oscillation, the third and
second half cycles rapidly disappear, while the first
half cycIe becomes an impdse. The famihr shifting
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R,,10’ohns

~IGUEE ZO.-Serondary aast Poltage h kiloro1t9 mrsns standary
-Ung resistance,Northeastcofl

T’i+i9crestof first@tf VeflaffCycleor fmpuk.
Vr f9crestofSr9tnegatiwhaffcycle.
VP h -t of s=?eondPodtke hau cycle.

of the maximum ~oltage of the fist haIf cycle from
hump to hump is shown in the curve for the mafium
voltage of that half cycle, as weIl as in films PL9709
and PL9711 of F~gure 18. In PL9709 the maximum
occupies the second hump, in PL9711 the fit.

Delco coil,-In this series oscillograms were taken
with 23 different values of shunted secondmy resist-
ance. Twelve films, embodying 13 of these are shown
in Figure 21. The sweeping speed is approximately
the same in all cases shown, but the deflection for a
given -roltage is six times as large in the last. two films,
PL9739 and PL9743, as it is in the others. The second
wave in the fret b, PL9723, marked for a shunted
resistance of 1100X 104 ohms, is the voltage wave for
the normtd condition.

The -mriations iR the &ape of the main wave are
qualitatively the same as those found under Similar
conditions with the ~ortheast coil. The principal
component is rapidly damped out of oscillation, but
the secondmy component continues to oscillate viitb
only a slight diminution of frequency o-ier the entire
ra~~e. The amplitude of the principal component
drops off more rapidly than does that of the seconda~
component.

The frequency curves for the two component-s have
been given in F~ure 19. The values of resistances
used in plotting the curves include only the resist ante
of the external shunt. .k in e~ery case with similar
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external conditions, the frequencies of the Delco coiI
are less than those of the hTortheast.

The voltage curves are shown in Figure 22. The
shift of maximum -roltage from hump to hump indi-
cated by the break in the curve for the flrat positive
half cycle is shown in films PL9725 and PL9727 of
Figure 21, in which the masimum is seen to pass from
the second to the first hump.

SECONDARY VOLTAGE-PRIMARY CURRENT
OSCILLOGRAMS

The secondary voltage-primary current oscilIograms
are probably more fantastic in appearance than any
of the others. Typical exemples are shown in Figures
23 and 24, dich @es shouId be tiewed with the
long dimension of the sheet horizontal. Considering
no-iv Figure 23. The film on the right, PL9962, con-
tains four separate exposures. The stmiight hori-
zontal line across the ceder of the film is the zero
voh age reference axis; the straight. horizontal line
across the lower part of the film, the vohgg calibration
Iine. The straight -rertical line down the right side of
the h is the current calibration line. No zero cur-
rent reference axis was pIaced on the film, but if it
had been, it would appear as a str&~ht ~ertical line
passing down through the center of the film.

In taking the curve PL9962 no time displacement
of any sort was employed. The oscillograph was ad-
justed so that the secondary -roltage caused -rertical
displacements of the cathode beam, while the primary
current caused horizontal displacements. Thus points
on the curve indicate simultaneous -ralues of the voltage
across the secondary winding and the current in the
primary circuit.

To have the oscillograph record fluctuations in the
primary current., it was necessary to connect one set
of the osc~ograph deflecting coils in series with the
primary circuit. The effect of the shape of the sec-
ondary voltage ware of introducing such external

inductance into the primary circuit is seen by com-
p~g f& Pfix9745 of Figure 5!3,withfllm PLx9718
of Figure 2. Both are for the normal condition of &e
IVortheast coil, except that in taking the former the
deflecting COLSof the oscillograph were connected in
the primary circuit.

‘l%e films of Figure 24 are thus directly comparable,
similarly marked points on each being the same. Film
PL99sl shows that at. the instant the breaker opened
the primary circuit (point 1) the current in the pri-
mary had a relatively high value, while the secondary
voLtage was sIightly negative. After the instant of
break, the current dropped rapidly, passed through
zero irito negative ~alues, and was coming up through
zero for the second time as the ~olt-age reached its
first maximum (point 2), and sc on.

It is now apparent that a secondary voltage-primary
current oscillogram gi-res both the vaIue of the current
interrupted in the primary circuit, and the maximum
value of the rmult ant secondary volt ~~e. Series of
such oscillograma were taken with varying values of
interrupted primary current. The data from the series
are plotted as the solid circles of Figures 4 and 5.

Oscillograms of the primary current versus time for
the condition of the same set of defecting coils being
in the prima~ circuit, are shown in Figure 25. The
straight horizontal line across the center of each film
is the Iine of zero current; the straight horizontal line
across the Iovier portion, the current calibration line.

A comparison of these cnrvw shows the distorting
eflect of an arc across the breaker points. With the
deflecting coils in the prima~ circuit, both ignition
coils showed approximately the same primary current
versus time oscillogram for clean interruptions of the
breaker. The difference between the b shown is
due to tb~ arc which occurred across the breaker when
flhn, PLx 9741, was made.

CONCLUSIONS

The main conclusion to be drawn from the investiga-
tion is that, qualitatirely at least, there is very little
~bout the electrical features of the operation of an
ignition cd which has not been erplained and
predicted by mathematical theory. Quantitatively,
acturd results differ somewhat from the theoretical,
ahhough as here shown, in the case of the compo-
nent frequencies of the secondary voltage wave, there is
excellent agreement.

It is realized that the present analysis of the experi-
ment al etidence is incomplete. Particularly is this
true of the second~ voltage-primary current oscillo-
grams, which contain a great deal more of vaIue than
the relationship between interrupted primary current
and mtium resuIt-ant secondary voltage. In the
limited time available the most obvious points were
de~eloped, and such are presented. It is felt, however,
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FIGURE28.-6mondary voltage\-ergustime (PL 9745)and saconderyvoltageversusprlmerymrrent (PL W@ for Northeeetcdl, normal
crmditiom

FIGURE24.~nde+ry voltage versm thne (PL 9751)end mcondmy volfagevemnsprirnnryoumnt (PL WI) for Delm wil, normal
omxiitiom

FmurmM-Prhnary currentversustime forthe Northeast(PL 0741)and DeIco(PL 8750)mfb
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that the main objective of the undertaking, to obtain
a qualitative check on the theory, was achieved. .

A word as to the accuracy of the quantitative resuh.s.
The osdlograph employed is know-n to be such a faith-
ful reproducer that errors due to it are negligible.
X[easurements on the oscillograms were made to a
qumter of a millimeter, and all were checked at least
twice, many three or four times. The general over-d
accuracy, inchding the approximations of method, is
thought to be within 5 or tl per cent.
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MEASUREMENT OF COIL CONSTANTS

The following constants of an ignition coiI are neces-
sary in computing its performance.

L,= the inductance of the primary winding.
L= the inductance of the secondary winding.
M= the mutual inductance between windings.

/–k= the coefficient of coupling, eqmd to% ~~

rl = the resistance of the primary tiding; - -
Tz= the resistance of the secondary winding.

The values of these constants for both cods were
found by measurements made at the Bureau of Stand-
ards in Washington, D. C. The resistances were raeas-
ured in the regular manner on a whetstone bridge.
The mutual inductances were measured by Dr. F. B.
Silsbee, physicist of the bureau, using a fhmrneter.
The remaining three constants were obtained by first
fiding the transformation ratios of the coils.

The method employed to find the transformation
ratios, which is fully described in an IV. A. C. A.
Report (Reference 9), is ahowu mhematicdy in Figure
26. S and P are respectively the secondary and pri-
mary windings of the ignition coil; Rl, Rzl Ral and R~
are noninductive adjustable resistances; B is a battery;
and @ is sensitive ballistic gahnometer. .?& and R~
were adjusted untiI there was no deflection of the gal-
vanometers with a steady current flowing through the
primary winding. R, and Rz were then adjusted until
there was no throw of the gahranorneter when this cu-
rent was interrupted. When a balance had been ob-
tained under both conditions, the transformation ratio
was given by

rf + RI
‘p= rm-

Wing the same procedure with current flowing
through the secondary tiding, Fiiure 26b, another
ratio was obtained,

ra-!-R1l
nS=—rl + Rit

It is alaa shown in the report above ieferred to, that

M
rip=— and na=

L $
Khence

L,=? and L2 = n,M
. .

Also

The values of df obtained for dMerent values of
current in the primary viindings are shown plotted in

Figure 27. The a-rerage maximum ~oltages for the
normal conditions of the hTortherist and Delco cods
vmre reapectively 9 and 10 kilovolts. From !XJl
curves of Figures 4 and 5, these voltages indicate pri-
mary currents of 1.6 and 1.5 amperes. The wIuee of
M corresponding to these currents were taken to be
the most representative. The VSJUeS L,, L2, 34 A?,
N,, h’,, R,, and T*are given in Table I.

The value of the distributed capacity of the second-
ary of the ignition coil was found from the observed
curve of component frequencies versus breaker capac-
ity. E. Taylor-Jones shows (Reference 10) that as
the breaker capacity approaches infinity, the frequency
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(a)
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P

(b)
l?toufm26.-CireulL9 used fn dekrmhdng the

eflectf~eturn retlo of the de

of the principal component becomes zero, and that of
the seconda~ component,

Assuming that the frequency at the end of the
observed curve ia not much difTerent from that for an
infinite capacity, and using the vslue shown on the
curve (&. 7), we have for the h~ortheast coil,

1
ll,70(I=2=4~Q,(l – 0.93S)

Whence
LC,=30X 10-’0

*

and using the value of & given in Table I,

Subtracting the known value of capacity of the
deflecting plates, 23ppf, leaves the distributed capacity
of the secondary of the coil,
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A similar procedure for the Delco coil givw.

~C, = 38.7 X 10-’0
c,= 61.3ppj.

Arid
C= 38/+f. .

The values of L@j given above Were used in finding
the theoretical component frequencies plotted as the
dotted lines in Figures 7 and 10.
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MEASUREMENT OF CIRCUIT CONSTANTS

The capacities of the condensers used across the
breaker were measured on a General Radio capacity
bridge.

The capacities of the condensers used across the
secondary winding were measured by a General Radio
precision wave meter. The method was to tune the
wave meter to resonance with the output of a laboratory
oscillator, shunt the condenser to be measured across
the wave-meter condensor, and note the reduction in
capacity of the wave-meter condenser necessary to
bring the wave meter once more in resonance. The
wave-meter condenser being a calibrated one, the
capacity of the condenser in question was obtatied
with high accuracy:

The resistances of the water tube shunts employed
across the secondaq were measured on a WheatStone
bridge, both immediately before, and immediately
after use.

MEASUREMENT OF COMPONENT FREQUENCIES
GIVEN BY OSfXXLOGRAMS

In measuring the frequency of the principal com-
ponent, the effect of the secondary component-on the

COMMITTEE FOR AERONAUTICS

main wave was neglected; that- is, the apparent fre-
quency of tha main wave was taken as tho frequency
of the principal component. This introduces sorm
error, but as the magnitude of the secondary component
is relatively small, and the ratio of component fre-
quencies never less than six, the maximum possible
error in any one-half cycle of the main wave is not
greaf~r than 6 or 7 per cent. As previously mentioned,
each half cycle of the main wave was measured
separately.

If
mfh = the horizontal distance covered by n cycles

of the timing wave.
Jk = the frequency of the timing wave,

mjz = the distance between the points at which a
half cycle of the main wave crossed the
zero asis,

fz=thefrequency of the hnlf cyclo of the ]nain
wave.

Theii

j2=!5 fk ‘fk
fl-m-

LTsually five cycles of the timing wave were used, the
ones covering the same portion of the fihn as the half ._
cycIe of the main wave being chosen for mwisurement.
When the half period of the main wave became long,
the number of cycles of the timing wave was corre-
spondingly increased.

h measuring the secondary carnponcnt frequencies,
the secondary component humps on the main wave
were” taken to represent maxima of the secondnry com-
ponent-. This method also introduces approximations,
but as long as enough cycles are used the error is
small. If then

mj~=horizont al distance covered by n cycles of
the timing wave.

-.. fk=fiequency of the timing wave.
mjl =horizontal dist tmce ccmemd by p cycles of ‘

the secondary component.

jl = frequency of the secondary component.
Then

j,= : f’myp—.

hf.easurements of the oscillograms for frequency
deterrnhation were made to the quarter of a millimeter.
At first appearance this may seem excessire and
optimistic accuracy, but after much practice such
accuracy was possible and the results could be chw.kcd.
Measurements were made with the original films, which
were placed on a sheet of millimeter cross-section papm
illuminated from the under side. -.
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MEASUREMENT OF VOLTAGES ON OSCILLOGRAMS

lroItage determinations were extremely simpIe.

If
rnl; = the vertical distance between the zero &s

and the voItage calibration line.
~1 = the calibration ~oltage.

m~~ = the verticaI distance between any point on
the main wave and the zero axis.

TZ= the voItage at the point.

Then

JULY 24, 1930.
TABLE I

r 3 ‘“
M 0.546henry. 0.6SIhenry.
*, us.

ra a. k:
z Lwhenry. O.daEMk!MtiY.

8i. 8 hmrie.%
Liic: wxlo.- S7XI0.- -

i W&bb ~oti
~L
m 3,151ohms: 4,115ohms.
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NOTE

By F. B. SILSBEE

The most important part of the cycIe of operation of
an ignition system is that short interval between the
instant et which the breaker opens the primary circuit
and the time at which the spark occurs. It is the
phenomena occurring during this short interval
which determine the maximum vaIue of the voltage
which is attained and the speed with which this value

~16

is reached. These two values combined with the
breakdown characteristics of the spark-phg gap
completely determine whether or not a spark will
occur. The electrical transients which take place
during this interval in the circuits used in automotive
ignition systems are so exceedingly rapid as to be
beyond the effective range of the usual mechanical
osoiIIograph9.

The exceIIent mathematical analy”ti of Prof. E.
Taylor-Jones gave a theoretical sohtion appl.icable
when the circuits were free from shunting resistance,
but the ordy direct experiment.aI confirmation of his
equations available prior to the work of Mr. DarneII
consisted of (Reference I) a few osdograms taken
by Professor TayIor-Jonas with his ingenious electro-
static oscillograph on an induction coil which had
oonsiderabIy slower vibration periods than those
common in ignition systems and a couple of volt.age-
time curves obtained at a great expense of labor and
time by a point-by-point method developed by Pater-
son and Campbell. The development of the Dufour
cathode-ray oscillograph in recent yeara has pIaced a
far more powerful and convenient tool in the hands of
the scientific investigator, and Mr. Drwnell in the
present work has used this tool with great’patience and
effectiven~ to obtain a very brilliant confirmation
of the predictions of Taylor<ones’s theoretical equa-
tions, in the range of conditions existing in commercial
ignition coiIs. 11 is to be hoped that a aimiIar study
will be undertaken of the phenomena occurring in
magnetos where the eddy current @ects are usually
of considerably greater importance.

The equations of Taylor-Jones apply directIy to a
circuit which the present writer has called a ~’two-coil

—

model” of a spark generator. This model consists of
—

two circuits magnetically coupkd each containing
resistance, inductance, and capacitance in series. As
DarDell’s reeults ~ow; the frequencies computed
for this model closely agree with those observed to
exist, and there ia every reason to expect a similar ..__
agreement in the induced voltages except to the ex-
tent that they are reduced by the eilect of eddy currents
which are not included in the 2-coil model. Unfor-
tunatdy, however, this model doea not cover the case
in which there ia a resistance iD paralIel with the
secondary capacitance as is the case when a spark-plug
inmdator is fouled with a “carbon” deposit. Also
the formulas deduced by TaylorJones for the induced ._
secondary voltage are unmoidably sc complicated
that they are but little used by practical engineers.

k view of this situation the writer some years ago
suggested (References 8, 11) other and simpler modeLa
which may be called the ‘‘aingIe-coil model” and the —
“closed<oil model,” which lead to rather simple final
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equations for the secondary voltage developed under
various conditions. It is the purpose of the present
note to compare the values of voltage and frequency
computed from these simpler equations with the
experimental results of W. Damell.

EFFECT OF PRIMARY CAPACITANCE

~ccording to ,the single-coil model the primary and
secondary capacitances, Q1 and QZrespectively may be
combined to give an effective-capacitance which refer-
red to the primary side is given by Cl+ n2Ca, when n is,=

the mean turn ratio defied as n=
d

f“ On this basis

the frequency of the main oscillation ~ give by

(1)

Values computed from equation (1) when compared
with the data plotted in Figure 7 and Figure 10 of the
paper are found to differ on the average by 3 per cent
in the case of the Northeast coil and by 1 per cent in

. the case of the Delco coil. The greatest difference for
any of the values taken was 6 per cent.

According to the single<ofl model the crest voltage
is giVO?l by

7,—
(2)

when Ib is the current at the instant of “break” and
F is an empirical factor which allows for the effect of
eddy currents and other losses in reducing the crest
voltage below its ideal value. From the observed
vahes of crest voltage plotted in Figure 8 the factor F
can be cumputed for a number of values of Cl. It is
found to range from 0.62 at the smallest value of GI
to 0.78 at the largest, the mean vrdue being 0.72. This
small range + 10 percent in Findicates that the change
of Yoltage by a factor of over 2 to 1 is fairly well
represented by equation (2). The systematic increase
in I’ with increase in Cl can well be accounted for by
the decrease in the damping effect of eddy currents
with the decreasing frequency of the oscillations.
&nilar computations for the Delco coil show that in
this case F ranges from 0.62 to 0,83 and has a mem
value of 0.74. This mean value is in excellent agree-
ment with the value 0.75 obtained on a similar coil by
crest voltmeter measurements. (Refereme 5.)

EFFECT OF SECONDARY CAPACITANCE

The same equations (1) and (2) should be expected
to apply equally well to cases in which the secondary
instead of the primary capacitance is varied. On com-
paring computed valuw of frequency with the observed
values plotted in Figures 13 and 16 the average dif-
ference is found to be less than 1 per cent and in all
but one case the individual dilTerenc~ were less tham
5 per cent. The ratio F of observed to theoretical
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mest voltage is aiso fairly constant, the mean factors
being 0,70 and 0.72 for the Northeast and Delco coils,
respectively..

EFFECT OF A RESISTANCE IN PARALLEL JVITH THE
SECONDARY TERMINALS

When the insulator of a spark plug becotms coated
with a conducting deposit of “carbon,” the electrical
system which most nearly approximates the nctual “’-
Ccmditjons is that formed by two magnetically coupled
circuits each containing resiatanm and inductance in
series with capacitance, while in addition a resistance
is connected in parallel with the seconda~’ capacitanc~.
The mathematical solution of the problem presented
by the natural electrical oscillations in such a systcm
while not perhaps impossible is certain to be so corn-
piicated as to come into Jittle practical use. However,
if the resistance which shunts the secondary terminals
is considerably less than the reactance offered by the
secondary capacitance, the latter would be expected to
have but little etlect cm the oscillations and the system
might. be expected to behave in much the same way
as would the “closed-coil model” which was suggested
by the present writm in some earlier publications.
(Reference 8.)

This closed-coil model consists of a primary circuit
having in series the primary resistance, inductance, and
capacitance of the ignition coil. This circuit is coupled
magneticdy by the normal coefficient of coupling of
the coil windings to a secondary circuit which has in
series the secondary inductance of the coil and tho
resistance of both the eemndary winding and the
shunting resistance. In such a model as the shunting
resistance becomes lower the secondary crest voltage
~pproachea the value given by the equation:

(3)

For the two coils tested the limiting value of V/RS
Yom the observed data is 0.041 and 0,032 whilo the
corresponding valum of 21b/n are 0.048 and 0.035.

The computation of crest voltage for larger values of
3hunting resistance is ra~her laborious even with the
simple closed-coil model. However, for the values of
~oupfi.ng coefficient met with in most ignition systems
the curves given in Figure 20 of Scientific Paper No.
543 @eference 12) enable the voltage to be computed
~uite easily.

In ‘Fiiurea 28 and 29 for the two coils, there am
~lotted on logarithmic paper in curves AB the crest
roltage thus computed as ordinates against the shunt-
ng resistance ~ abscissas. Values of crest voltage
:ead from Figures 20 and 22 of Darnell are plotted as
mosses. It wilI be seen that the actual voltage is less
ihan the theoretical by a fairly constant factor which
;or the Northeast coil is 0.68 and for the Delco coil is
1.81.=–These factors are not very different from those
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noted above in discussing the effect of ridding capaci-
tance and are doubtless attributable to the same eddy-
current effects.

According to the closed<oil model the oscillations
occurring when the shunting resistance, &, is fairly
large, have a frequency given approxhna@ly by

4 L’
..

J=* &–&i (4)

As R2 is decreased this frequency becomes Iess and the
correspomling oscfllat,ion becomes more highly damped
until at a particular value of & given approximately
by

R,=&- (5)

the oscillation becomes aperiodic. Curves CD in
Figures 28 and 29 give the frequencies computed from
equation (4) for the respective coik.

For slightly Iower values of R, the rate of mbsid-
ence of the impluse is governed largely by u expo-
nential factor e?t where ml is approximately equal to

~ ml. Lines E F in Figures 28 and 29 show

the values of -ml thus computed, the scale of – ml in
sec. ‘1 being the same as that of frequency in cycles
per second.

At still lower values of l?, the closed-coil model pre-
dicts the existence of an osoihtion of higher frequency
superposed on the exponential transient, the frequency
of which is plotted in curves G H.

On comparing these theoretical values with the
observed resuIts as given in Figme 19 of the original
paper and as repeated in the plotted crosses in F~ures
28 and 29, it appears that the high-frequency ripple
observed at low values of shunting resisten~ has fairly
closely the frequency predicted by the closed-coiI
model. At higher values of Rz, however, the seccnd-
ary capacitance comes into play and this high-frequency
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ripple merges into the higher-frequency component
which in turn is predicted by the 2-coil model for cases
where the shunting effectmf Ra is absent.

The original photographic records pe~it of rough
measurements of the exponential decay of the main “---
transient-for the cases when it is overdamped and the
results_ of such measurements plotted as crosses show
a fairfy” good agreement~iith the exponents computed “- ~-
theoretically (line EF).

Tbe observed frequencies of the main component
seem to trend toward zero at about the value of I&
indicated by equation (5). At higher values of Rzj
however, the observed frequencies are very markedly
lower than the computed values plotted in curves CD. -
This is doubtless the result of the inlluence of the sec-
ondaq capacitance which is not effectively sbor~ cir-
cuited at these high vihws of R2, If the presence of
this capacitance is allowed for by using t.be quantity
0,+ n’~~ in place of C, in equation (4) the frequency
values plotted in curve J l-(are obtained, These values
are in excellent agreement with the observed frequen-
cies at the higher values of shunting resistance but as
would be expected, they depart very considerably at
lower values of Rz.

In view of the difficulty of computing crest voltages
even from the closed-coil modeI the writer has sug-
gested the empirical equation

~TF AR,Z
2R2+ Z ‘- (6)

connecting the crest voltage V and the shunting rcsist-
.

ante ~. If the constants ~ and Z are so chosen as
to give -ralues in agreement with those observed a~
&=50,000 ohms and 1,000,000 ohms the voltage for
other resistances will be as indicated by the curves
LM in Figures 28 rmd 29. It will be seen that the
agre~ent bet~~een these curves and the o~swTed

values (plottd as crosses) is as close as is needed for
practical work.


